Mycelia of fungi and soil oomycetes have recently been found to act as effective paths boosting bacterial mobility and bioaccessibility of contaminants in vadose environments. In this study, we demonstrate that mycelia can be used for targeted separation and isolation of contaminant-degrading bacteria from soil. In a 'proof of concept' study we developed a novel approach to isolate bacteria from contaminated soil using mycelia of the soil oomycete Pythium ultimum as translocation networks for bacteria and the polycyclic aromatic hydrocarbon naphthalene (NAPH) as selective carbon source. NAPH-degrading bacterial isolates were affiliated with the genera Xanthomonas, Rhodococcus and Pseudomonas. Except for Rhodococcus the NAPH-degrading isolates exhibited significant motility as observed in standard swarming and swimming motility assays. All steps of the isolation procedures were followed by cultivationindependent terminal 16S rRNA gene terminal fragment length polymorphism (T-RFLP) analysis. Interestingly, a high similarity (63%) between both the cultivable NAPH-degrading migrant and the cultivable parent soil bacterial community profiles was observed. This suggests that mycelial networks generally confer mobility to native, contaminantdegrading soil bacteria. Targeted, mycelia-based dispersal hence may have high potential for the isolation of bacteria with biotechnologically useful properties.
Introduction
As an adaptation to heterogeneous environments (Young and Crawford, 2004) , soil fungi and other mycelial microorganisms (e.g. oomycetes) have developed a unique ramified growth form, which is sustained by polarized internal cellular organization to support apical growth (Glass et al., 2004) . Fungi represent about 75% of the subsurface microbial biomass (0.2-0.4 mg g dry soil -1 ) with the total length of their hyphae reaching up to 10 3 -10 4 m per g of arable, pasture and forest topsoils respectively (Ritz and Young, 2004) . In soil, fungi and bacteria often occupy shared microhabitats referred to as the bacterialfungal interface (Johansson et al., 2004) . Their growing mycelia continuously form new interfaces and novel (hospitable or hostile) microhabitats for local soil bacteria . Mycelia may further modify the soil structure, enter soil pores (Wösten et al., 1999) and release nutrients and/or carbon exudates (de Boer et al., 2005) . By connecting air-filled space between water-filled pores (Wessels, 1997) they also provide efficient dispersal networks ['fungal highways' (Kohlmeier et al., 2005) ] for otherwise immobilized bacteria and their catabolic capabilities (Wick et al., 2007; Harms et al., 2011) . Mycelia-mediated bacterial dispersal appears to depend on various factors including synergistic and antagonistic interactions, bacterial mobility , physicochemical surface properties of bacterial and mycelial surfaces (Kohlmeier et al., 2005) or chemotactic movement along hyphae to chemoeffector hotspots . Such movement appears to facilitate the access to suitable microhabitats for growth (Nazir et al., 2010) and/or efficient contaminant biodegradation (Banitz et al., 2011) . To date, mycelia-mediated transport of bacteria has only been reported for axenic cultures or defined microbial communities in sterile soil and never has been applied for the extraction and isolation of contaminant-degrading bacteria from soil. In a 'proof of concept study' we here present a novel approach for the isolation and enrichment of naphthalene (NAPH)-degrading bacteria from soil by taking advantage of bacterial dispersal along the mycelia of the oomycete Pythium ultimum (Maurhofer et al., 1992) . We thereby propose the use of mycelia-bound bacterial dispersal as a selection criterion for the targeted isolation and channelling of specialized bacteria to suitable growth environments.
Results and discussion

Isolation and enrichment of naphthalenedegrading bacteria
This study was motivated by earlier observations that mycelial growth of soil microorganisms enables the dispersal of defined bacterial populations in air-filled porous media (Leben, 1984; Kohlmeier et al., 2005; ) suggesting the idea of using 'fungal highways' (Kohlmeier et al., 2005) , i.e. mycelia as paths for the separation and isolation of contaminant-degrading bacteria. Figure 1 depicts the experimental set-up and the work flow for the separation and enrichment of NAPHdegrading bacteria by migration along the dense mycelial network of P. ultimum : bacterial suspensions obtained from the mineral medium agar (MMA) positioned opposite to the soil 5 days after first contact with the hyphae (enrichment B) gave rise to isolated colonies on MMA/NAPH (enrichment D) and R2A-agar (enrichment C). Simultaneously, bacteria from soil overlying the P. ultimum-inoculated patch were isolated on MMA/NAPH (enrichment F The sketch of the reversed minimal medium agar (MMA) plate depicts the microcosm employing mycelia as paths for the separation and enrichment of NAPH-degrading bacteria from soil: a potato dextrose agar (PDA) piece inoculated with filamentous P. ultimum was positioned in the lid of an upside-down placed minimal medium agar (MMA) plate and covered with 1.5 g of NAPH-contaminated urban soil (containing the bacterial community A prior to addition to the microcosm) allowing for > 0.5 cm headspace to the agar. The oomycete was subsequently allowed to penetrate the headspace and to serve as path for the movement of bacteria to the MMA. Air-borne NAPH emanating from solid NAPH deposited at > 1 cm distance to the soil served as carbon source. Capital letters indicate the sample label of the T-RFLP community analysis of bacterial 16S rRNA genes; i.e. enrichment B denominates the wash-off of the migrant community from the agar surface 5 days after first contact of the hyphae with the agar, which gave rise to isolated colonies on MMA/NAPH (enrichment D) and R2A agar (enrichment C). Simultaneously, bacteria from soil overlying the P. ultimum-inoculated patch (community E) were enriched on MMA/NAPH (enrichment F). Please refer to Supporting information for detailed description of the microcosms, the cultivation, sample handling techniques, the T-RFLP analysis and the identification and phylogenetic characterization of the bacterial strains.
five distinct operational taxonomic units (OTUs Table 1 ). The mycelia-based discrimination seems to be driven by the inherent motility of the bacteria. A recent study for instance revealed that mycelia allow for chemotactic movement of PAH-degrading bacteria to substrate hotspots even in water-unsaturated systems . Such studies support the relevance of mycelial networks for successful colonization of new microhabitats in soil (Wick et al., 2007; Nazir et al., 2010) especially in vadose environments. The results of this study suggest that a majority of the cultivable NAPH-degrading bacterial consortium (Table 1 ) may have been capable of using the hyphal network for dispersal. Both enrichments shared three out of the five NAPH-degrading isolates (Pseudomonas sp., Rhodococcus sp. and Xanthomonas sp.). In contrast, Arthrobacter sp. and Stenotrophomonas sp. were detected only in enrichment F or C, respectively (Fig. 1) . Most isolates exhibited either swarming or swimming motility on standard agar plate assays with average colony diameters Յ of motile soil bacterium Pseudomonas putida PpG7 (NAH7) but Ն of poorly motile Mycobacterium frederiksbergense LB501T (Table 1) . It is remarkable that the poorly motile Arthrobacter sp. appears to be fully retained in the soil, whereas the likewise poorly motile Rhodococcus sp. was found to move along the hydrophilic (Smits et al., 2003) hyphae of P. ultimum. Due to the suspected effect of physicochemical cell surface properties of the bacteria on myceliamediated bacterial transport (Kohlmeier et al., 2005) , the water contact angles (q w) and z-potentials of the migrating bacteria were further measured as descriptors for the hydrophobicity and charge of the isolates' cell surfaces. No significant differences, however, of qw were observed with all strains being moderately hydrophobic [qW of 30°-70° (Table 1) ] according to the classification by others (Bastiaens et al., 2000) . The z-potentials of the isolates ranged from -3 to -46 mV and exhibited no significant difference between isolates derived from enrichments C, D (migrant communities) and F (soil bacterial community) as did the results from motility tests of the same strains.
Development of microbial communities was followed by cultivation-independent 16S rRNA gene-based T-RFLP analysis of DNA isolated from soil and the total bacterial colonies on agar surface in contact with the mycelia during the experiment (Fig. 1) . Multivariate redundancy analysis (RDA) explained 70% of the variability of the T-RFLP fingerprints (Fig. 2) and revealed considerable variations between soil prior exposure to P. ultimum (A), soil penetrated by P. ultimum (E) and the bacteria mobilized by P. ultimum (B). Not surprisingly, the similarities (P < 0.05) between A and B (22%), A and E (29%), as well as B and E (29%) were low. Higher similarities, however, were found between communities directly derived from each other by dilution and plating, namely 36% between B and C (different C-substrate) and 58% between B and D (identical C-substrate). Interestingly, a high similarity (63%) between both the cultivable NAPH-degrading migrant (B) and the cultivable parent soil bacterial community profiles (F) was observed. This supports the hypothesis that mycelial networks confer mobility to a majority of the NAPH-degrading soil bacteria and likewise demonstrates that previously predicted mycelia-bound dispersal of axenic bacteria also holds true for native, soil-bound bacteria.
At this time, generalizations about the selectivity of the dispersal are difficult to make; mycelia-mediated bacterial translocation is multifactorious and may include active flagellar or non-flagellar migration in aqueous or mucoid films surrounding the hyphae of fungi and other mycelia-forming microorganisms (Wong and Griffin, 1976; Kohlmeier et al., 2005; ) and the likely passive transport after adhesion to the apical zone of growing hyphae (Kohlmeier et al., 2005) . even found that fungus-mediated dispersal may depend on bacterial community interactions as solely 4 out of 10 species migrated as single species along the mycelia of a saprotrophic fungus. Bacterial migration in the hyphosphere may further be driven by other factors including random bacterial dispersal, metabolic interactions and biofilm formation on the hyphae (Frey-Klett et al., 2007) , chemotactic and infotactic (Vergassola et al., 2007) dispersal. Chemotactic swimming towards hyphae may already preselect certain bacteria by controlling the access to mycelial networks in soil as their metabolites may be available to bacterial commensals in the hyphosphere . Furthermore, due to the likely bioaccumulation of organic chemicals in the hyphal cell membranes, mycelia may act as an effective three-dimensional bio-sorbent network for hydrophobic organic compounds and thus allow for easy chemotaxis-driven access of the heterogeneously distributed contaminant to degrading bacteria in the hyphosphere. Table 1 . Origin and characterization of bacterial isolates obtained from enrichment on NAPH or R2A as described in Fig. 1 . Growth and utilization of PAH as carbon source was considered to take place after formation of clearly visible colonies after 17 days of incubation, otherwise not found if the strains were plated on MMA in the absence of a PAH source. d. Bastiaens and colleagues (2000) . e. Dunn and Gunsalus (1973) .
Isolates
Motility
BLAST sequence identity to next hit of all isolates was Ն 98%. Partial sequences were deposited at GenBank (NCBI) under the Accession Nos HM623661, HM623662, HM623664, HM623666-623673. Mycobacterium frederiksbergense LB501T and P. putida PpG7 (NAH7) are listed as reference strains of known motility and previously described ability to disperse along fungal mycelia (Kohlmeier et al., 2005; Wick et al., 2007) . Surface motility of the strains was tested the following standard assay described previously (Baehler et al., 2006) . Motility was scored by mean diameter of colonies after 24 h of inoculation. The zeta potential z, as an indirect measure of cell surface charge, was calculated from the electrophoretic mobility according to the method of Helmholtz and Smoluchowski, as presented by Hiementz (Hiementz, 1986) . The electrophoretic mobility of bacterial suspensions in 10 mM KNO3 at pH 6.2 was determined in a Doppler electrophoretic light scattering analyser at 100 V as described elsewhere (van Loosdrecht et al., 1987) . Cell surface hydrophobicity was derived by the water contact angles (qw) using an automated goniometric analysis system as described earlier (Kohlmeier et al., 2005 ).
-0. (Abdo et al., 2006) . Differences in T-RFLP patterns were calculated by application of a RDA. The RDA combines the spatiotemporal changes of T-RFLP fingerprints and was conducted using R-2.10 (R Development Core Team, 2009). The two axes represent 70% of the variance of the data.
